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Abstract 
This paper describes a new technique for vadose zone monitoring above CCUS sites, its use as a response tool to 
landowner concerns about CCUS, and its wider implications for vadose zone monitoring at CCUS sites. The process-
based method uses ratios of coexisting gases (CO2, O2, N2 and CH4) to distinguish promptly a leakage signal from 
natural vadose zone CO2 without the use of background monitoring. This method was applied at the Kerr farm, a site 
of alleged leakage from the IEAGHG Weyburn-Midale CO2 Monitoring and Storage Project (WMP) reservoir and 
showed that no leakage had occurred. These results agreed with two other studies conducted at the Kerr site that used 
a variety of methods including comparisons to the large historical WMP data set. The successful use of the process-
based method at the Kerr site shows that background monitoring may not be necessary for leakage detection by soil 
gas methods. Instead, we introduce the concept of vadose zone characterization which requires a one-time 
assessment of spatial chemical variability pre-injection, rather than repeated background measurements. In addition, 
we suggest that a monitoring approach not requiring prolonged background measurements is most efficient as a 
response tool targeted to specific events and areas of concern thereby simplifying vadose zone monitoring without 
sacrificing accuracy.  
 
© 2013 The Authors. Published by Elsevier  Ltd.  
Selection and/or peer-review under responsibility of GHGT 
 
Keywords: Process-based; monitoring; soil gas; Kerr; vadose zone; CCUS; CCS 
 
* Corresponding author. Tel.: +1 512 471 6136 
email address: Katherine.Romanak@beg.utexas.edu 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-r view under responsibility of GHGT
 Katherine Romanak et al. /  Energy Procedia  37 ( 2013 )  4242 – 4248 4243
1. Background 
Vadose zone soil gas monitoring is a well-studied and generally accepted method for assessing 
whether CO2 from a storage reservoir has entered the vadose zone and/or impacted the biosphere [1]. The 
most challenging aspect of vadose zone gas monitoring is identifying a CO2 leakage signal amidst the 
many interfering and fluctuating natural and anthropogenic sources of CO2 that may exist in the vadose 
zone at CCUS sites. Vadose zone CO2 may arise from a variety of sources and can be altered by processes 
that are spatially and temporally variable and affected by transient environmental conditions. These 
sources and processes fall under three main categories: 
 
1. Natural in-situ vadose zone processes: Natural processes that produce or alter vadose zone CO2 
concentrations include; 1) biologic respiration, 2) CO2 dissolution and reaction with soil 
carbonate, 3) CH4 oxidation, and 4) mixing between atmosphere and soil gas. These processes 
are highly variable in space and time and are dependent on environmental conditions that 
fluctuate diurnally, seasonally and over longer time scales. In fact, such environmental 
fluctuations might be predicted to intensify in the coming years due to global climate change.  
 
2. Seepage of naturally-occurring gases from depth to ground surface over geologic time: 
Naturally-occurring gases may migrate from depth over geologic time into the vadose zone. In 
most sedimentary basins where CO2 will be stored, and certainly at CO2-enhanced hydrocarbon 
recovery (EHR) sites, hydrocarbons will be present within the basin stratigraphy either in the 
CO2 storage reservoir or within intermediate strata. In such basins, hydrocarbons such as CH4 
may migrate from depth into the near surface through; 1) natural seepage over geologic time, 2) 
past well failure events, or 3) ongoing CO2-EHR activities. Because CH4 readily oxidizes to CO2 
in the vadose zone, CH4 could indirectly produce a secondary false leakage signal. If natural 
accumulations of CO2 exist within the basin stratigraphy, these gases may also rise to the surface 
over geologic time mimicking the effects of a CO2 storage release.  
 
3. Degradation of hydrocarbon spills or releases from surface industrial activities: CCUS is likely 
to be implemented in areas of historic industrial activity. Industrial hydrocarbon spills at land 
surface may degrade into CH4 and ultimately into CO2 forming a secondary signal. Tank battery 
leaks, hydrocarbon-bearing brine disposal pits, and other hydrocarbon releases may therefore 
ultimately mimic a CO2 leakage signal in the vadose zone.  
 
The many potential sources of gas in the vadose zone and the reactive geochemistry of these gases 
require that care be taken when assessing a CCUS site for storage permanence using soil gas 
measurements. One widely accepted protocol for overcoming the complexity of vadose zone monitoring 
is to compare vadose zone CO2 concentrations during the injection phase to background measurements 
taken before CO2 injection. In this case, at least one year (or more) of intensive monitoring is required to 
determine the natural range of pre-injection CO2 concentrations at a site. A potential leak is signalled 
when a statistical variation from background pre-injection concentrations occurs at any time over the life 
of a storage project.  
 
There are several drawbacks to the comparison-based method described above. First, one year of 
background monitoring cannot account for the full range of natural CO2 variation that could occur over 
the lifetime of a CCUS project. For example, Schloemer et al. [2] recommend at least 3 years of 
background monitoring in order to fully determine the range of temporal variations in soil gas 
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concentrations. Second, high variability of CO2 generated in-situ could mask a moderate leakage signal. If 
the magnitude of a leakage signal is smaller than natural variability, the leak may be overlooked. Third, 
background measurements require a long lead time, potentially hindering a project’s progress. Finally, 
CO2 cannot be measured across all potential leak points within an area of review. If concerns arise in an 
area lacking local background measurements, the degree to which available measurements are 
representative as background may be called into question. Soil gas in areas without direct background 
data therefore are especially vulnerable to misinterpretation and, if not properly assessed, could be 
mistaken for a leakage signal.  
2. Claims of leakage at the Kerr property 
In January 2011, this scenario was realized when Saskatchewan landowners, Cameron and Jane Kerr, 
made public allegations that CO2 had leaked from the approved CO2-EHR area of the Weyburn Unit near 
Goodwater, Saskatchewan and impacted their land. A study commissioned by the Kerrs concluded that 
soil CO2 (  ~ 11 vol. %) and CH4 (  ~ 30 ppm) at the Kerr farm originated from CO2-EHR operations in 
the Weyburn Unit [3, 4]; however the scientific community’s review of the report raised doubts regarding 
the study’s reliability [5].  
 
To address the uncertainty in the source of the CO2 on the Kerr farm, and in keeping with its mission 
to advance best practices and performance verification for geologic carbon storage, the International 
Performance Assessment Centre for Geologic Storage of Carbon Dioxide (IPAC-CO2) commissioned a 
scientific study at the Kerr farm, with the Bureau of Economic Geology’s Gulf Coast Carbon Center as 
the technical lead. One main component of the study was to use soil gas composition data to determine 
the origin of gases on the Kerr farm. Whereas data had been collected in an area north of the Kerr farm 
between 2001 and 2005 through the WMP [6, 7], no background data had been collected directly at the 
Kerr farm before claims of leakage were made.  
3. Scientific investigations of the Kerr property 
3.1. Process-based analysis 
The process-based monitoring method [8] was used to assess the origin of soil gases at the Kerr farm. 
This method uses a geochemical approach to CO2 leakage monitoring that does not compare soil gas 
concentrations to background data but instead uses sequential relationships among coexisting major gases 
(CO2, N2, O2, CH4) to distinguish processes acting in the vadose zone. Processes that are naturally 
occurring indicate a background signal. Processes that arise from addition of gas from an exogenous 
source must be further assessed but indicate a potential leakage signal. The process-based method is ideal 
for use in complex EHR settings because it can distinguish among many processes including: 1) biologic 
respiration, 2) CO2 dissolution and reaction with soil carbonate, 3) CH4 oxidation, 4) dilution of soil gas 
through atmospheric mixing, and 5) a leakage signal. Although not required by the method, gas 
concentration data from the Kerr site were supported by hydrocarbon analysis and 13C of CO2. Data on 
13C and D of CH4 can also be useful; however, CH4 was not abundant enough during the Kerr farm 
study to acquire isotope data on CH4.  
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Soil gas was measured at multiple depths from 13 semi-permanent soil gas sampling stations [8, 9] 
installed at locations targeted to the areas of concern at the Kerr site. Soil gas concentration relationships 
indicated that soil gas on the Kerr property was biological in origin and not the result of leaks associated 
with the CO2-EHR operations [9]. Gas concentration information gave insights into the processes altering 
soil gas concentrations and whether these processes were naturally occurring or the result of a CO2 leak at 
depth. For example, relationships between CO2 (  ~ 7 %) and O2 (11.6 - 20.5 %) indicate some 
dissolution of microbially produced CO2 into groundwater (figure 1a). N2 concentrations (75.7 – 81.4 %) 
were slightly enriched above atmospheric concentrations supporting some CO2 gas loss through 
dissolution in contrast to a leakage signal which would manifest as depletion of N2 relative to atmosphere 
(figure 1b). N2/O2 is consistent with biologic respiration rather than methane oxidation (figure 1c) and 
this result is consistent with the low CH4 concentrations (  1.2 ppm) measured at the site. The 13C of 
CO2 (-27.1 to -11.4 ‰) indicates mixing of atmosphere with microbial and C3 plant respiration.  
Fig 1. (a) Gas concentration relationships for CO2 versus O2 for the Kerr study. Inset shows general trends for 
biological respiration and CH4 oxidation. Fields indicating CO2 dissolution into recharging groundwater, a mixture of 
respiration, CH4 oxidation and/or CO2 dissolution, and addition of exogenous CO2 (potential leakage) are also shown; 
(b) CO2 versus N2 for the Kerr study. N2 values cluster near atmospheric values and in the field for a natural signal; 
(c) Gas concentration relationships for CO2 versus N2/O2 for the Kerr study. General trends for respiration and CH4 
oxidation are shown. The data indicate no significant CH4 oxidation. All graphs are consistent with CO2 sourced from 
biologic respiration with some dissolution into groundwater and little or no input from CH4 oxidation. Graph 
modified and updated from [9]. For more explanation on the use of these geochemical relationships, see [8]. 
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3.2. Additional studies at the Kerr site 
Two additional studies were undertaken in response to the Kerr allegation, one by Trium 
Environmental Inc., commissioned by Cenovus Energy and the other by a group of European experts who 
led the near-surface monitoring program of the WMP [6, 7]. The WMP study is acclaimed as having one 
of the first and most extensive continual data sets of soil gas at a CCUS site and was carried out by a 
collaboration of leading international experts from the British Geological Survey, the Università di Roma 
‘La Sapienza’, the Instituto Nazionale di Geofisica e Vulcanologia, and the Bureau de Recherches 
Géologiques et Minières. At the Kerr site, both groups utilized a wide array of methods and analytical 
techniques, including comparison-based and process-based approaches. 
 
The European group resampled locations that had been monitored annually during the WMP study 
including a 13 km2 main grid above the oilfield (360 locations, 200-m spacing), a control site off the 
oilfield (grid similar to main grid), and more detailed measurements (25-m sample spacing grid) targeted 
to potential areas of concern (wells and lineaments). Analytes included CO2, O2, N2, CH4, higher 
hydrocarbons, He, Rn, 13C and 14C of CO2, and CO2 flux. Measurement methods included discrete and 
continuous monitoring with buried probes and flux chambers, eddy covariance, and mobile open path 
lasers. Evidence for no leakage is cited as; 1) concentration variations consistent with seasonal 
fluctuations and characteristic of biologic respiration, 2) soil gas concentrations at the Kerr site that were 
within ranges defined by historical measurements made during the WMP, 3) soil gas concentrations at the 
Kerr site that were similar to other locations investigated during the 2011 campaign, and 4) the 
relationships of CO2 to O2 and N2 which indicate biological respiration and the absence of exogenous gas 
[10]. 
 
The Cenovus study [11] implemented two sampling campaigns in August and September 2011. Both 
campaigns used a grid sampling approach at a control site (28 sample locations) and at the Kerr property 
(128 sample locations) with grids constructed so as to provide a statistically significant dataset for 
comparison analysis. The control site was the same as used in the WMP and followed the same sample 
layout so as to utilize the historical WMP dataset. CO2 being injected into the CO2-EHR reservoir was 
also sampled for comparison with soil gas measured on the Kerr Site. Measured analytes included CO2, 
O2, N2, CH4, higher hydrocarbons, sulphur compounds, and 13C and 14C of soil CO2 and injectate CO2. 
Primary evidence for no leakage of CO2 at the Kerr site from the Cenovus study is cited as; 1) differences 
between 13C and 14C of soil CO2 compared to injectate, 2) CO2 versus O2 and N2 which indicate 
biological respiration and the absence of an exogenous gas input, 3) apparent seasonal control on CO2 
concentrations which were lower in September than in August, and 4) CO2 concentrations at the Kerr site 
that are similar to the control site and to the historical data of the WMP.  
3.3. Methods summary and comparison 
Three research groups working independently at the Kerr site utilized a variety of methods and 
approaches yet arrived at the same conclusion; no evidence of leakage from the CO2 storage formation at 
the Kerr site. The European and Cenovus groups implemented extensive grid sampling and analyzed their 
data using some process-based analysis and comparison-based methods using control site and historical 
data sets. The IPAC-CO2 study employed minimal sampling targeted to areas of concern and used the 
process-based method of analysis without the use of background or control site data. It is well known that 
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each site will present a new set of challenges; however in this instance, these methods reached consensus. 
The ability of the simple process-based method to assess the claims of leakage at the Kerr farm without 
the use of intricate grids or large data sets is an indication that soil gas monitoring need not be elaborate 
to be accurate. Even in CCUS environments where complexity is added by the presence of hydrocarbons, 
the process-based method holds promise. In addition, because the method does not require background 
measurements, the ability to assess leakage and respond to concerns in a timely manner is enhanced.  
4. Vadose zone characterization  
Background monitoring may not be necessary for leakage detection by soil gas methods. Instead, we 
introduce the concept of vadose zone characterization which does not require repeated pre-injection 
measurements but requires only a one-time assessment or characterization of spatial chemical variability 
within the vadose zone. A one-time characterization provides the information necessary to choose areas 
for targeted monitoring during a CO2 injection project. These areas would typically represent the 
environmental end members within the area of review and might include, for example, wetlands, 
agricultural areas, areas near faults, fractures, lineaments or plugged and abandoned wells, areas above 
subsurface spill points, or areas of known surface industrial activity that might present secondary signals.  
Depending on the size of the area of review, this one-time characterization could be accomplished using a 
number of available methods. For example, these methods could include remote sensing techniques, 
mobile open path lasers, or soil gas concentration grids. For the Kerr investigation, it could be said that 
the original study commissioned by the Kerrs provided such a characterization from which targeted 
process-based monitoring was implemented.  
The ability to use a targeted monitoring approach apart from background measurements also allows 
for soil gas monitoring to be used most effectively as a “targeted response tool”.  A targeted response tool 
is defined as a tool that can be implemented in small pre-defined spatial areas in response to an event. An 
event might be reservoir monitoring that does not conform to predictions, landowner complaints or visual 
changes in the biosphere. Such a tool would be used for assessing if an anomaly represents a storage 
formation leak, but it would not be used for actually locating a leak that may have entered the vadose 
zone.  
5. Summary 
The process-based method is a technique for vadose zone monitoring above CCUS sites that uses 
ratios of coexisting soil gases to distinguish a leakage signal from natural vadose zone CO2 without the 
need for background monitoring. This method was used as a targeted response tool to landowners’ claims 
of leakage on their property above the Weyburn-Midale CO2-EHR field.  Results of the study were 
similar to the results of two additional studies carried out independently by experts who used both some 
simple process-based analysis and more traditional methods that compare CO2 concentrations to historical 
data sets, in this case data from the WMP. Both approaches yielded the same conclusion: no leakage at 
the Kerr site, however the targeted process-based method reached these conclusions without the use of 
large spatial sampling grids or data measured over long time periods. The process-based method provides 
the potential for a paradigm shift in the way soil gas monitoring is applied at CCUS sites. If vadose-zone 
processes are understood and vadose-zone gas background monitoring is not needed, soil gas can be used 
as a targeted response tool to assess whether an anomaly represents a leakage signal rather than using soil 
gas methods to locate a leak.  
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